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I. Statement of the Problem Studied

7t is known that metastable tetragonal zirconia incorporated in a
ceramic material can increase its fracture toughnessl. A similar
toughening was also realized for glass-ceramics in which tetragonal
zirconia was precipitated2'3.

Effect of Zr0O, addition to Li,0-Al,0-Si0O, glass~ceramics has been
investigated. Specitically, the influences of the amount of ZrO;

added and the crystalline phase of the precipitated ZrO, on fracture

toughness of the glass-ceramics were investigated.

IT. Surmary of the Most Important Results

It was found that the fracture toughness of the resulting glass-
ceramics increased with increasing amount of added ZrO, while that of
the corresponding glasses was nearly independent of ZrO, content.

For one composition, 22.2Li,0-18.9A1,03-55.95i0,-3.0P,03 (wt%)
containing 15 wt% zirconia, details of the relation between the
zirconia phase and fracture toughness were investigated.

Glass with the above composition was melted at 1500°C for 4 hours
and heat-treated at 525°C for 52 hours for crystal nucleation and at
955°C for various length of time for crystal growth. Within 4 hours
at 955°C 1lithium silicate, lithium alumino-silicate and tetragonal
zirconia phases crystallized nearly completely. The subsequent heat-
treatment increased the size of zirconia particles and caused their
cr~ntaneous transformation to monoclinic zirconia. This is
demonttri'erd 1n Figure 1 where the X-ray diffraction peaks of

tetragonal and monoclinic zirconia are shown. The fraction of

monoclinic zirconia of the total zirconia was evaluated from the




integrated intensities of these diffraction peaks4 and is shown in
Figure 2. This indicates that the fraction of monoclinic zirconia
increases with increasing heat-treatment time at 955 °C reaching 97%
after 400 hours. Average particle sizes of both tetragonal and
monoclinic zirconia were evaluated from X-ray line broadening and are
shown in Figure 3.

Fracture toughness of the resulting glass-ceramics was measured
by both the indentation method® and the Single-Edge-Precracked-Beam
(SEPB) method®. The former is simpler, requiring a smaller sample, but
the latter is known to give more accurate data. Although %':e two
methods often give different values of the fracture toughness, the
trend of the measured values agree. The measured fracture toughness is
shown in Figure 4 as a function of monoclinic zirconia fraction. This
clearly shows that the fracture toughness increases with increasing
amounts of monoclinic zirconia.

It has been proposed that the extent of the toughening increases

by transformation is given by 7
- Ty, %
DKIC = CEer hz/(l"‘V) (1)
where c is constant <1 which depends upon assumptions about the

nature of the transformation

E = Young's modulus of the matrix

Vg = volume fraction of transformable zirconia
e* = transformation strain

h = transformation zone height

v = Poisson's ratio




This equation suggests that, with other factors kept constant,
fracture toughness should increase with increasing amount of

transformable, i.e. tetragonal, zirconia.

The fracture toughness of the specimens investigated here
increased, contrary to the prediction of the above equation, with
increasing amounts of transformed, i.e. monoclinic, zirconia. The
abcve equation also shows that the fracture toughness increases with
the square root of the transformation zone height. It has been
reported8 in some glass-ceramic systems that the size of this
transformation zone is nearly the same as the tetragonal zirconia
particles size. 1In the present system, even though the particle size
of tetragonal zirconia is increasing, from 300 R to s00 A& by increasing
the heat-treatment time from 4 to 400 hours, this does not seem to be
sufficient to account for the observed increase of the fracture
toughness. Furthermore, after 400 hours at 955 °C, the remaining
amount of tetragonal zirconia is negligibly small, approximately 3%,
and it is unlikely that this small quantity of tetragonal zirconia
is causing the appreciable toughness increase observed.

Alternatively, we believe that the large quantity of the
transformed, monoclinic zirconia and associated stress field are
responsible fo the toughness increase. Z2irconia transformation in a
rigid glass-ceramic matrix is accompanied by a large stress field and
this can cause crack deflection and fracture toughness improvement.
Scanning electron micrographs of the fracture surface shown in Figure
5 appears to support the present interpretation, indicating the

greater toughness with increasing monoclinic zirconia fraction.




IITI. List of Publications and Tezhnical Reports

"Mechanical Properties of a Transformation Toughened Glass-

Ceramic" G.L. Leatherman and M. Tomozawa

J. Mat. Sci.,b25, 4488-4494 (1990).

Progress Report, 1 February 1989-30 June 1989 M. Tomozawa

Progress Report, 1 July 1989-31 December 1989 M. Tomozawa

Progress Report, 1 January 1990-30 June 1990 M. Tomozawa

Progress Report, 1 July 1990-30 December 1990 M. Tomozawa

IV. Participating Scientific Personnel

Minoru Tomoczawa, Professor of Materials Engineering

Materials Engineering Department

Rensselaer Polytechnic Institute

Richard D. Sarno, Recsearch Assistant

Materials Engineering Department

Rensselaer Polytechnic Institute




References

1. R.C. Garvie, R.H. Hanniuk and ?.T. Pascoe, Nature, 258, 703
(1975).

2. M. Nogami and M. Tomozawa, J. Am. Ceram. Soc., 639, 99 (1986).

3. G. Leatherman and M. Tomozawa, J. Mat. Sci., 26, 4488 (1990).

4. H. Toraya, M. Yoshimura and S. Somiya, J. Am. Ceram. Soc., C-
119 (1984).

5. C.B. Ponton and R.D. Rawlings, Mat. Sci. Technol., 5, 865
(1989).

6. T. Nose and T. Fujii, J. Am. Cera. Soc., 71, 328 (1988).

7. R.M. McMeeking and A.G. Evans, J. Am. Ceram. Soc., 64, 242
(1982).

8. K.D. Keefere and T. A. Michalske, J. Am. Ceram. Soc., 70, 227

(1987).




§ N 1D o
bariaatontssh TINE 120 105 PT: 20.008 C CoYeP: 0.0100
cPS
50,0 3.184 3.977 2.976 2.p82 2.795
675.04 LAS1SZ NUCLERTED 52 Hrs @ 525 O [
GROWTH TEMPERATURE 955 °C
t-2ro > HGrowth T ee
600 .0 4 Hrs -
70 Hrs
S5e5 .0 . 148 Hrs -
} 200 Hrs
450 .0~ n-2rQ, 'l 235 Hrs -
I 396 Hrs
375.0 | -
3090ﬁ n-ZrOe B
225 .0 ' ’[ \ - 38
' |
150.0- £ - 20
f\\ !
7S .0+ AN \ . - 18
e.v ¥ T éa T  § ¥ L ég T L) 1 ] 1 ] ! 1 | ) | | | dl L ¥ T jaj L C

Figure 1. X-ray diffraction pattern showing the increase in
monoclinic and decrease in tetragonal zirconia peaks
for specimens heat-treated at 955 °C for 4 to 400

hours.
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Figure 2. Volume fraction of total zirconia that is monoclinic

as a function of heat-treatment time at 955
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Figure 4. Fracture toughness (K1c) as measured by indentation and

SEPB methods as a function of monoclinic zirconia
fraction. Both methods show an increase in toughness as
the monoclinic fraction is increased. A, B, C refer to

specimens A, B, C in Figure 5.




Figure 5.
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Scanning electron micrographs of the fracture surfaces
of the (A) 0% , (B) 55% and (C) 97% monoclinic zirconia
specimens at 750 X showing the increasing roughness of

the surface as the monoclinic fraction is increased.




